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ABSTRACT
We report the discovery of an extremely young protostar, SMM11, located in the associated submillimeter conden-
sation in the Serpens Main cluster using the Atacama Large Millimeter/submillimeter Array (ALMA) during its Cycle
3 at 1.3 mm and an angular resolution of ∼ 0.′′5 ∼ 210 AU. SMM11 is a Class 0 protostar without any counterpart
at 70 µm or shorter wavelengths. The ALMA observations show 1.3 mm continuum emission associated with a colli-
mated 12CO bipolar outflow. Spitzer and Herschel data show that SMM11 is extremely cold (Tbol =26 K) and faint
(Lbol . 0.9L⊙). We estimate the inclination angle of the outflow to be ∼ 80
◦, almost parallel to the plane of the
sky, from simple fitting using wind-driven-shell model. The continuum visibilities consist of Gaussian and power-law
components, suggesting a spherical envelope with a radius of ∼ 600 AU around the protostar. The estimated low C18O
abundance, X(C18O)=1.5-3×10−10, is also consistent with its youth. The high outflow velocity, a few 10 km s−1 at a
few 1000 AU, is much higher than theoretical simulations of first hydrostatic cores and we suggest that SMM11 is a
transitional object right after the second collapse of the first core.
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1. INTRODUCTION
Since the first hydrostatic core (FHSC) phase was
theoretically predicted by Larson (1969), several FHSC
“candidates” have been observationally identified based
either on the lack of Spizter infrared detections in-
dicating low temperature (10-30 K), or slow out-
flows (. 5 km s−1), and/or chemical evolution: Cha-
MMS1 (Belloche et al. 2006), L1448 IRS2E (Chen et al.
2010), L1451-mm (Pineda et al. 2011), Per-Bolo58
(Dunham et al. 2011) CB 17 MMS (Chen et al. 2012),
B1-bS (Hirano & Liu 2014), and B1-bN (Hirano & Liu
2014). Nevertheless, none of these sources can be
unambiguously characterized as true FHSCs partly
because the theoretically-predicted parameter space
of first cores is wide-spread; mass, lifetime, inter-
nal luminosity1 and radius of 0.01 − 0.1 M⊙, 500-
5×104 yr, 10−4 − 0.1 L⊙, and 5-100 AU, respectively
(Boss & Yorke 1995; Masunaga et al. 1998; Omukai
2007; Commerc¸on et al. 2012; Saigo & Tomisaka 2006;
Saigo et al. 2008; Tomida et al. 2010). In addition,
observations have not strongly constrained properties
such as the rotation and mass accretion rate in the
early phases of star formation. Simulations of ro-
tating FHSCs suggest that those FHSCs (Bate 2011;
Machida & Matsumoto 2011) can transform into Kep-
lerian disks around protostars (Aso et al. 2015). Obser-
vationally identifying FHSCs is, therefore, important to
understand disk formation as well as star formation.
SMM11 is one of the submillimeter continuum con-
densations in the Serpens Main cluster forming region
(d = 429 pc; Dzib et al. 2011), identified in JCMT ob-
servations (Davis et al. 1999) and located at the south-
ern edge of Serpens Main. A star-forming core is identi-
fied in CARMA observations (Lee et al. 2014) in 3 mm
at an angular resolution of ∼ 8′′, associated with a bipo-
lar HCN outflow with a length of ∼ 1000 AU and a
velocity of ∼ 6 km s−1. They revealed that the core
is located at an intersection of two filaments. Its core
radius and mass were estimated from the CARMA ob-
servations to be ∼ 900 AU and 1.35 M⊙, respectively.
However it was not detected by Spitzer (Enoch et al.
2009; Evans et al. 2009; Dunham et al. 2015), in X ray
(Giardino et al. 2007), nor in 6 cm (Ortiz-Leo´n et al.
2015). The latter two trace magnetic activities due to
convection in a second core, i.e., protostar.
In this paper we report ALMA Cycle 3 observations
toward a protostar, SMM11, in the associated sub-
millimeter continuum condensation in Serpens Main in
1 Internal luminosity does not include the luminosity due to
external heating by interstellar radiation field and envelopes.
12CO J = 2 − 1 line, C18O J = 2 − 1 line, and 1.3 mm
continuum, which reveal that SMM11 is in an extremely
early phase right after the second collapse.
2. ALMA OBSERVATIONS
We observed five fields in Serpens Main cluster, their
locations based on unpublished SMA data of a mosaick-
ing survey carried out in 2010, using ALMA at its Cycle
3 stage on 2016 May 19 and 21. Observations toward
the dusty core of SMM11 is reported in this paper and
those of the other four regions will be reported in future
papers. On-source observing time for SMM11 is 4.5 and
9.0 min in the first and the second days, respectively.
The numbers of antenna were 37 and 39 in the first and
the second days, respectively, and the antenna configu-
ration of the second day was more extended than that
of the first day. Any emission beyond 8.′′0 ∼ 3400 AU
was resolved out by & 50% with the antenna config-
uration (Wilner & Welch 1994). Spectral windows for
12CO (J = 2 − 1) and C18O (J = 2 − 1) line emissions
have 3840 and 1920 channels covering 117 and 59 MHz
band width, respectively, at a frequency resolution of
∼ 30.5 kHz. In this paper, 16 and 2 channels are binned
for 12CO and C18O lines and the resulting velocity res-
olutions are 0.63 and 0.083 km s−1, respectively. Two
other spectral windows cover 216-218 GHz and 232-234
GHz, and used to measure the continuum emission.
All the imaging processes were performed with the
Common Astronomical Software Applications (CASA).
The visibilities were Fourier transformed and CLEANed
with Briggs weighting, a robust parameter of 0.0, and a
threshold of 3σ. Multi-scale CLEAN was used for the
line maps to converge CLEAN, where CLEAN compo-
nents were point sources or ∼ 1.′′5 Gaussian sources.
We also performed self-calibration for the contin-
uum data using tasks in CASA (clean, gaincal, and
applycal). This improved the rms noise level of the con-
tinuum maps by a factor of ∼ 2. These calibration tables
for the continuum observations were then applied to the
line data. The noise level of the line maps were mea-
sured in emission-free channels. The parameters of our
observations are summarized in Table 1.
3. RESULTS
Figure 1 shows 1.3 mm and 12CO images of the
SMM11 region as well as 24 µm and 70 µm images
for comparison. Strong compact emission was con-
firmed in 1.3 mm at the mapping center. We call this
source SMM11 in this paper. The continuum emission
shows a compact component and an S-shaped compo-
nent surrounding the compact component. The emis-
sion is also extended in the north-south direction on a
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Table 1. Summary of the ALMA observational parameters
Date 2016.May.19, 21
Projected baseline length 15 - 613 m ∼ 11 - 460 kλ
Primary beam 27′′
Passband calibrator J1751+0939
Flux calibrator Titan
Gain calibrator J1830+0619 (470 mJy), J1824+0119 (79 mJy)
Coordinate center (J2000) 18h30m00.s38, 1◦11′44.′′55
Continuum 12CO (J = 2− 1) C18O (J = 2− 1)
Frequency (GHz) 225 230.538000 219.560358
Bandwidth/velocity resolution 4 GHz 0.63 km s−1 0.083 km s−1
Beam (P.A.) 0.′′58× 0.′′47 (−86◦) 0.′′62× 0.′′51 (−83◦) 0.′′65× 0.′′52 (−85◦)
rms noise level (mJy beam−1) 0.074 5.0 11
∼ 10′′ scale, which is a part of the filaments. Two-
dimensional Gaussian fitting to the 1.3 mm image pro-
vides an approximately circular deconvolved size, 160
AU × 130 AU (P.A.=80◦) at the distance of Serpens
Main. The derived total flux density, 164 ± 1 mJy,
corresponds to a total mass of 0.09-0.27 M⊙ assum-
ing a dust temperature, Tdust =20-50 K (Harsono et al.
2015), dust opacity, (κ850µm, β) = (0.035 cm
2 g−1, 1)
(Andrews & Williams 2005), and a gas-to-dust mass ra-
tio of 100. In the northwest of SMM11, two other com-
pact emissions separated by & 1′′ ∼ 430 AU were de-
tected beyond the primary beam, indicating the pres-
ence of a binary inside the apparently single Class I
source (SSTc2d J182959.5+011159) seen in the infrared
images (Figure 1c-d). The total flux density of the bi-
nary at 1.3 mm is ∼ 8 mJy before primary beam cor-
rection. The 12CO emission traces a bipolar outflow
with a size of ∼ 6400 × 1300 AU. The 12CO emission
also traces another bipolar outflow associated with the
binary in the northwest of SMM11.
To quantify the evolutionary state of SMM11, we mea-
sured the flux density at near and mid-infrared wave-
lengths using Spitzer and Herschel. We subtracted av-
erage sky levels and then measured the flux densities
in apertures twice larger than the FWHMs of the point
spread functions (PSF) (Aniano et al. 2011). The bolo-
metric temperature, Tbol (Myers & Ladd 1993), and lu-
minosity Lbol are calculated by trapezoidal integration
directly from the SED (Figure 2) with other wavelengths
in the literature, using 3σ upper limits for the integra-
tion where necessary. Figure 1c and 1d show that the
24 and 70 µm emission appear to be contaminated by
the Class I source. Nevertheless, the derived bolomet-
ric luminosity Lbol . 0.9 L⊙ and particularly bolomet-
ric temperature Tbol =26 K are significantly lower than
those of typical protostars (e.g., Kristensen et al. 2012).
The derived bolometric luminosity 0.9 L⊙ is an upper
limit since its calculation includes the upper limits of
flux densities.
Figure 3 shows a map of SMM11 as seen in the C18O
emission. The emission is elongated along the 12CO out-
flow direction, showing a double peak on the eastern and
western sides of the continuum peak position. The ve-
locity gradient is overall similar to that of the 12CO
outflow. The systemic velocity of SMM11 and FWHM
velocity width of the C18O emission are 9.1 km s−1 and
0.8 km s−1, respectively, derived from a Gaussian fit to
the line profile in a beam area centered on the continuum
peak.
4. DISCUSSION
SMM11 is not detected as a point source in 70 µm,
24 µm (Figure 1), or at shorter wavelengths. Further-
more, its bolometric temperature Tbol =26 K is in the
temperature range theoretically predicted in the FHSC
phase (Masunaga et al. 1998). The internal luminosity
of SMM11 can also be estimated from its 70 µm flux
density (Dunham et al. 2008) to be Lint . 0.043 L⊙,
which is also low enough to be consistent with theoret-
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(a) (b)
(c) (d)
1.3 mm 12CO
24 μm 70 μm
+: Class I
♢: Class III
2000 AU 2000 AU
2000 AU2000 AU
Figure 1. SMM11 images in line and continuum emissions. (a) 1.3 mm continuum. Contour levels are 3, 6, 12, 24... × σ.
Green marks indicate YSO positions (Dunham et al. 2015). Cyan circle indicates the ALMA primary beam. (b) Integrated
intensity (contours) and mean velocity (color) maps of the 12CO emission, integrated from VLSR = −5 to 23 km s
−1 except for
8-10 km s−1 where 12CO emission is affected by self-absorption and missing flux. Contour levels are 5, 10, 20, 40... × σ, where
1σ corresponds to 24 mJy beam−1 km s−1. Yellow curves show the best-fit parabolic models (see Section 4.1 in more detail).
(c) Spitzer 24 µm image in Jy sr−1. (d) Herschel 70 µm image in Jy pixel−1, where 1 pixel is 3.′′2× 3.′′2. Blue filled ellipses at
each bottom-left corner denote ALMA synthesized beams or PSFs. X marks denote the peak position in 1.3 mm.
ical predictions. We now examine whether or not this
interpretation is consistent with the other observations.
4.1. 12CO outflows
The orientation angles of the eastern and western
12CO lobes were estimated to be P.A.=79◦ and −110◦,
respectively, from symmetric axes of the integrated in-
tensity map. Subsequently we fitted the wind-driven-
shell model (Shu et al. 1991; Lee et al. 2000) to the
12CO integrated intensity map and position-velocity di-
agrams along the outflow axes as described in Appendix
A of Yen et al. (2017). We only used pixels within
10′′ in radius because the shape of the outflow is more
like a bow shock in the outer region and is not well
described by the wind-driven-shell model. The fitting
implies c0 sin i = 1.3-1.9, i = 77
◦-79◦, and v0 = 3.4-
4.0 km s−1 arcsec−1 for the eastern 12CO lobe while
c0 sin i = 1.7-2.7 arcsec
−1, i = 71◦-87◦, and v0 = 1.6-
4.0 km s−1 arcsec−1 for the western 12CO lobe, where
c0, v0, and i are spatial coefficient (= z/r
2), velocity
coefficient (vr/r = vz/z), and inclination angle (i = 0
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Figure 2. SED of SMM11 derived from Spizter IRAC
(3.6, 4.5, 5.8, 8.0 µm), MIPS 24 µm, Herschel PACS 70 µm,
CSO SHARC-II 350 µm (Suresh et al. 2016), JCMT SCUBA
(450, 850 µm; Davis et al. 1999), ALMA 1.3 mm (this work),
and CARMA 3 mm (Lee et al. 2014) data. Blue points de-
note the measured flux density, where peak intensities in
Jy beam−1 are referred to for SHARC-II and SCUBA wave-
lengths. Green points denote the 3σ detection limit for IRAC
data, while the upper limits at MIPS and PACS wavelengths
are set to be the leaked flux densities from the neighbor-
ing protostar (SSTc2d J182959.5+011159), which are higher
than 3 times the statistical noise levels.
200 AU
Figure 3. Integrated intensity map (white) and mean ve-
locity map (color) of the C18O J = 2−1 emission in SMM11.
Contour levels are from 3σ in steps of 3σ, where 1σ corre-
sponds to 3.5 mJy beam−1 km s−1. The integrated velocity
range of C18O emission is from 8.3 to 9.9 km s−1. X mark
shows the 1.3 mm peak position while arrows denote the
directions of the 12CO outflow.
means pole-on). The best-fit parabolas are overlaid on
Figure 1b, which reproduces the overall shape of the
two 12CO lobes. The inclination angle i ∼ 80◦ suggests
that the outflow axes lie almost on the plane of the sky.
The velocity coefficient v0 ∼ 4 km s
−1 arcsec−1 sug-
gests a dynamical time, ∼ 600 yr, and outflow velocity
of a few 10 km s−1 at a few 1000 AU, whereas theoret-
ical simulations in the FHSC phase predict ∼ 5 km s−1
(Machida et al. 2008; Tomida et al. 2010).
4.2. C18O abundance
The C18O integrated intensity at the continuum peak
position is 30 mJy beam−1 km s−1 while the continuum
peak intensity is 90 mJy beam−1. We estimated a frac-
tional abundance of C18O relative to H2, X(C
18O), us-
ing the continuum peak intensity and a C18O Gaussian
peak intensity derived from the integrated intensity and
the FWHM velocity width 0.8 km s−1. The dust op-
tical depth is calculated from the continuum peak in-
tensity while that of the dust and C18O emitting gas
is calculated from the sum of the two peak intensities;
the derived values are ∼0.1-0.8 when both gas and dust
temperatures are 20-50 K with the same opacity and
gas/dust ratio as in Section 3 under the LTE condition.
The derived abundance, X(C18O) is ∼ (1.5-3.0)×10−10,
is more than three orders of magnitude lower than the
typical value 5 × 10−7 in molecular clouds(Lacy et al.
1994; Wilson & Rood 1994), suggesting temperatures
below CO freeze-out, 20K, in the central 100 AU.
This is even lower than the overall abundance in Ser-
pens Main (Duarte-Cabral et al. 2010) and quantita-
tively consistent with chemical simulations in the FHSC
phase (Furuya et al. 2012; Aikawa et al. 2012). A simi-
lar depletion of the carbon-bearing molecule, H13CO+,
is also reported for the FHSC candidates B1-bN and
B1-bS by Huang & Hirano (2013). On the other hand,
the elongation and overall velocity gradient of the C18O
emission suggest molecular desorption on the eastern
and western sides which may be due to heating from
the associated outflow.
4.3. Continuum visibility
Figure 4 shows various plots of the continuum visi-
bility data. Each data point corresponds to one base-
line and the visibility is averaged over one observational
track, . 50 min. Blue and red points denote the visi-
bilities in the major- and minor-axes directions of the
continuum image while green points denote those in
other directions. In amplitude plots (Figure 4b and c),
the blue and red points mostly overlap at uv-distance
greater than ∼40-50 m. This suggests a spherical struc-
ture with a radius of ∼ 600 AU. Most of the phases
are within . 5◦ from the phase reference center, i.e.,
the continuum peak position, (Figure 4d). To investi-
gate the amplitude distribution in more detail, we fit-
ted it with three different functions: Gaussian, power-
law, and a combination of the two. We find that the
combination curve 0.031 Jy exp(− ln 2(β/370 m)2) +
0.089 Jy (β/100 m)0.33 fits the visibility profile better
6 Aso et al.
than the other functions, and therefore that the dust
structure around SMM11 appears to consist of a com-
pact component with a radius of ∼ 70 AU and an ex-
tended, power-law component. The derived power-law
index, p + q ∼ 2.7, in the outer region (r & 70 AU),
where p and q are the volume density and temperature
indices. The Gaussian component has an average H2
number density of ∼ 3 × 109 cm−3 in an inner region
(r . 70 AU) if Tdust = 30 K, κ850µm = 0.035 cm
2 g−1,
and β = 1.
Similar analyses using continuum visibility are per-
formed for the Class 0/I protostar L1527 IRS by
Aso et al. (2017). Its bolometric temperature (44 K;
Kristensen et al. 2012) suggests that L1527 IRS is more
evolved than SMM11. Although L1527 IRS also shows
an inclination angle close to edge-on (∼ 85◦; Oya et al.
2015), its amplitude distribution shows different pro-
files along the major- and minor-axes, suggesting a
pseudo disk-like envelope, while the envelope of SMM11
is more spherical. These may observationally imply that
envelope morphology evolves from spherical shapes into
more-disk like shapes.
4.4. Is SMM11 a FHSC?
The low Lint, Tbol, X(C
18O) values and spherical
envelope of SMM11 are consistent with theoretical pre-
dictions of the FHSC phase. Although Tbol can be
weakened by the inclination angle, such an effect is not
significant before a disk forms (Jørgensen et al. 2009).
The bolometric luminosity . 0.9 L⊙ is much larger than
the internal luminosity 0.043 L⊙ due to external heating
of the envelope around SMM11 and, particularly in this
case, contamination from the neighboring protostar.
Hence, Lint is more directly related with the central
heating source. If Lint is due to accretion around a pro-
tostar, typical parameters indicate a very small proto-
stellar mass, Mps . (Lint/0.043 L⊙)(R/3R⊙)/(M˙/1 ×
10−5M⊙ yr
−1) = 4 × 10−4M⊙ (Andre et al. 2000).
Alternatively, for a typical FHSC radius and mass,
the implied mass accretion rate, M˙ . (Lint/0.043
L⊙)(R/30AU)/(M/0.2M⊙) = 4 × 10
−5 M⊙ yr
−1, is
consistent with expectations (Tomida et al. 2010). How-
ever, the low luminosity may be due to a low mass accre-
tion rate during episodic accretion and the stellar radius
is also uncertain. Moreover, the high velocity of its out-
flow implies a deeper gravitational potential than pre-
dicted for FHSCs. On the other hand, two FHSC candi-
dates reported in previous observations also have high-
velocity outflows, such as L1448 IRS2E (∼ 25 km s−1;
Chen et al. 2010) and B1-bS (∼ 8 km s−1; Hirano & Liu
2014). Furthermore, projection effects and evaluation
 ✁✂
✄ ☎
✆✝✞
✟ ✠
Figure 4. Plots of the Continuum visibilities in SMM11.
Red and blue circles denote data points at Arctan(U/V ) =
80◦ ± 15◦ and −10◦ ± 15◦, respectively. (a) Data points on
the uv-plane. (b) Visibility amplitude as a function of the
uv-distance. Uncertainty of each amplitude is . 1 mJy. Note
that the visibilities also includes contributions from the bi-
nary to the northwest of SMM11, 8 mJy. (c) The same plot
as (b) but in the log-log plane. (d) Visibility phase as a
function of the uv-distance. The phase center is set to be
the peak position of the continuum image. Dashed-dotted,
dashed, and solid curves show the best-fit curves with Gaus-
sian, power-law, and power-law+Gaussian functions, respec-
tively.
by characteristic velocities2 could provide lower out-
flow velocities than the maximum velocity for the other
FHSC candidates; in fact, the characteristic outflow
velocity of SMM11 is ∼ 5 km s−1. Hence, FHSC candi-
dates could be divided into two groups, true FHSCs and
SMM11-like protostars; the latter suggests criteria with
which we can observationally identify an evolutionary
phase slightly after the second collapse, where temper-
ature, luminosity, chemistry, and morphology are still
similar to those of FHSCs.
Detection limits in various wavelengths are affected
by the long distance, 429 pc, of SMM11. For this
reason, SMM11 requires additional observations with
higher sensitivity and angular resolution than those for
other similarly young protostars to better constrain its
evolutionary phase and to establish the observational
criteria.
2 Characteristic velocity is defined as the ratio of observed mo-
mentum over observed mass, or intensity-weighted mean veloc-
ity, and widely used in observational studies about FHSCs (e.g.,
Dunham et al. 2011) because it is less affected by sensitivity.
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